The remediation of leachate from (municipal) landfills is becoming an increasing challenge for many government authorities. There is mounting interest in using bioremediation as a means of stripping these contaminants from the leachate and concentrating it within biological material, typically microalgae. Additionally, there is significant interest in the production of lipids from waste streams using microalgae. Landfill leachate typically hosts a suite of inorganic contaminants and therefore it is of great interest to evaluate the ability of different microalgae to (1) survive, (2) grow and (3) accumulate a range of heavy metals under field conditions. While this provides realism, it does however, require a firm understanding of how the interacting biology and chemistry of the microalgae and leachate constituents interact including the potential for feedback loops, delays and nonlinear functional relationships. To this end, we propose the use of a system dynamics modelling framework to develop a 'stock' (reservoirs) and 'flow' system dynamics model that explores the algae growth dynamics and the heavy metal adsorption kinetics simultaneously.
INTRODUCTION
Landfills are a common means of solid waste disposal in Australia, for both municipal and industrial wastes. As waste in a landfill breaks down, it releases liquid (termed leachate), which is due to both rainwater percolating through the landfill, and the breakdown of (usually putrescible) materials in the landfill. Landfill leachate is typically captured in holding ponds and then evaporated (where possible), or treated and disposed of via various means. Landfill leachate is typically composed of organic matter, decomposition products, organic chemicals (solvents etc.) and dissolved metals. Landfill leachate treatment typically consists of conventional aerobic or anaerobic treatment methods (Sunil et al. 2011; Ana-Maria and Maria 2010; Augustino et al. 2010 ). While such treatment methods are capable of producing leachate of suitable quality for reuse or disposal, they are highly energy intensive, and do not allow the recovery of metals or lipid production from the wastewater.
It has been shown that many species of microalgae are suited to the processing of nutrient-rich wastewater sources, and commonly produce high lipid yields, which may be beneficial for a range of uses. In addition, microalgae are commonly able to bioaccumulate metals, which can allow efficient removal of metals from wastewater streams (Boke and Seda 2010) . However, the treatment of (landfill) leachate using microalgae has received very little attention (Elena et al. 2010; Lin et al. 2007; Cheung et al. 1993) . Cheung et al. (1993) examined the toxicity of landfill leachate on four freshwater microalgal species -two Chlorella sp., Scenedesmus sp. and Dunaliella sp. It was found that the leachate inhibited the growth of all algae species, however particularly the Chlorella sp., which normally produce the highest lipid yields of the species used. In order to understand systems that can reliably treat leachate using microalgae, it is important to develop models to allow system investigation and optimization. It is known that saline species of microalgae are generally more resilient and robust than freshwater species. In addition to the treatment and disposal of landfill leachate, the disposal of hypersaline water from desalination plants is also a significant problem. Desalination plants must frequently store hypersaline water if salinity in the disposal area becomes too high.
This work therefore investigates the potential of combining landfill leachate with hypersaline water, and simultaneously treating both waste streams using a mixed culture of marine microalgal species. Microalgae have the potential to simultaneously remove nutrients and metals from the leachate, and at the same time produce beneficial lipids.In order to accurately quantify the dynamics of such systems, it is essential to model the metals uptake from leachate, and the impact this has on growth rates and mortality. This paper will focus on the use of systems modelling techniques to explore the dynamics of such systems.
MATERIALS AND METHODS

Model Description
A stock and flow model (Figure 1 ) was developed using the software platform Vensim (http://www.vensim.com). Vensim is a computer software platform that enables the construction of dynamic models using 'stocks' and 'flows' to represent reservoirs (state variables e.g. algal concentration) and rates (e.g. mortality rate of algae) respectively. The biological component of the model represents the coupled dynamics of the four algal species (ALG i , where i subscript can take a value of 1, 2, 3 or 4 and indicates which of the four algal species is being modelled using equation 1) a pool of detritus and dissolved inorganic nutrients (NPD model). The growth dynamics of the algae is controlled by the multiplicative effects of temperature (fT), light (fL) and nutrients (fN). fT is modelled using the Arrhenius equation (Bowie et al. 1985) , fL using Steele's equation (Steele 1962 ) and fN using a Michaelis-Menton function. Dead algae is assumed here to contribute directly to the pool of (organic) detritus located in the laboratory systems. Algal mortality is modelled using a temperature-referenced rate constant (mort 20,i -where i reflects that the mortality rate is algal species specific with i = 1, 2, 3 or 4) adjusted for the effects of temperature using fT. The nitrogen (model currency) continues to be cycled via remineralisation of the detritus into dissolved inorganic nutrients (DIN) using a temperature referenced mineralisation rate constant (min 20 ) that is temperature adjusted. Cycling of N is completed through uptake of DIN by the algae. The state equations for algae, detritus and dissolved inorganic nitrogen are:
Each metal was represented in the model as a 'free' (non-adsorbed) concentration along with the respective concentrations adsorbed to each of the four algal species requiring the use of 25 state variables. Algalspecific adsorption rates (adjusted for temperature effects) were specified through calibration for each of the metals. The toxicity of metals on algal growth is related here to the total concentration of the five metals adsorbed to each algal species rather than individual effects because there is not metal-algae specific data to enable this to be achieved. The potential combined toxic effect of metals on algal growth was modelled using a MichaelisMenton function to adjust the background generic algal mortality rate that is specified for all algal species (see Table 1 ). A half-saturation constant is used to relate the adsorbed metal concentration to mort 20 . Key assumptions in the model include the assumption that there are unlimited metal binding sites for each algal species and the algal growth is not nutrient limited for the experimental period (i.e. algal growth is limited only by metal toxicity). 1.0 (Nanochloropsis gaditana) Goldman (1986) Oltra et al (2000) Leonardos & Geider (2004) Forján et al (2007) min 20 (remineralisation rate at 20°C; d -1 ) 0.03 Bowie et al (1985) mort 20 (mortality rate at 20°C; d -1 ) 0.003 Bowie et al (1985) θ (temperature adjustment coefficient) 1.008 Bowie et al (1985) K N (half saturation constant -DIN uptake mg m -3 ) 25 Bowie et al (1985) I K (half stauration constant -light intensity; MJ m -2 s -1 ) 1.139 Arhonditsis et al (2008) λ light extinction coefficient 1.18 Bowie et al (1985) K Me (half saturation coefficient -metal-algal toxicity; mg m -3 ) -Calibrated
Experimental set-up
Typical municipal leachate samples were obtained from the leachate holding ponds of an operating landfill. The leachate was allowed to settle to remove any solid/particulate matter, and the supernatant used for the experiments. A full characterization of Biological Oxygen Demand (BOD), Chemical Oxygen Demand (COD), Suspended solids, and metals (via Inductively Coupled Plasma -Mass Spectrometry) was conducted on the raw leachate. A cylindrical photo-bioreactor was utilised. The operating volume of the reactor was 2.5 l. Three 5,000K (natural white) lamps (NEC, China) were fitted to the photobioreactor. The lamps were illuminated for 12 hours in each 24 hr period, using a timer. The bioreactors were covered with an external layer of reflective material to improve overall light intensity and uniformity. The light intensity profile was measured and proven to be sufficiently uniform. Air was injected into the bottom of each reactor to ensure complete mixing and provide a suitable growth environment. The air flow rates of the reactor (2.5L) was 1250ml min -1 .
Four species of the marine microalgae, Nanochloropsis, Pavlova lutheri, Tetraselmis chuii and Chetoceros muelleri, were used in the experiments. A 50 ml solution of each species was added to the reactor, following the addition of the leachate and an artificial sea-salt mixture (to simulate the mixture of leachate and hypersaline desalination water). An artificial sea-salt mix (Aquasonic) was added at a rate of 75g synthetic sea salt to the Bioreactor; this simulated the addition of hypersaline water from the desalination process. The temperatures in the reactors was measured as 34.6±0.2 o C. A partial cover was used on the reactor to minimise evaporation.
RESULTS
The initial and final concentrations of the four algal species and the five metals are summarised in Table 2 . All algal species increased their concentration by the end of the experimental period. All metal concentrations were observed to decrease over the experimental period. In particular, Fe decreased by 95% in the reactor. The systems model was successfully fitted to the experimental data by minimising the least squares error between measurement and prediction. Note that for the aqueous concentrations of Ce and La which were recorded as zero concentrations at the end of the experiment, no data was available on how quickly (within the experimental timeframe) these metals were removed from the aqueous solution. For the purpose of this modelling exercise, it was assumed that the end concentration for both Ce and La were 0.05 μg l -1 (values which represent the limits of detection), which then allowed the adsorption constants for these two metals to be calibrated. Unsurprisingly, the model was found to be sensitive to the somewhat arbitrary end concentrations specified for Ce and La. This is an artefact of not having sufficient data to 'track' the decay of these two metals (basically we only have single data points from the data because concentrations are zero by the end of the experimental program). Suffice to say that the adsorption constants estimated for Ce and La are not particularly informative without specific knowledge on when these metal concentrations decreased to zero.
The model predictions for Fe and Mn concentrations in the reactor are presented in Figure 3 . The aqueous concentration of Fe and Mn (and also for Ba, Ce and La) decreases exponentially as these respective metals are drawn from the water column and adsorbed to the four algal species. For Fe (Figure 3) , metal adsorption was predicted in the model to be dominated by C. muelleri while for Mn (Figure 3 ), Ba and Ce the metal adsorption was more evenly distributed amongst the four algal species. These observations were consistent for both reactor environments. Model predictions on the algal growth dynamics in the reactor are presented in Figure 4 . These are characterised by exponential growth of each species over the 10 day experimental period. Strongest growth (observed and predicted) was observed for N. gaditana and C. muelleri with both species reaching a concentration of ca. 900 mg l -1 after 10 days. Notably lower concentrations were observed for P. lutheri (ca. 300 mg l -1 ) and T. chuii (ca. 100 mg l -1 ). 
DISCUSSION AND CONCLUSIONS
We present here a systems model that has been developed to explore the combined dynamics of algal growth, metal adsorption and metal toxicity. Overall, the method proposed appears a viable means of simultaneously treating both landfill leachate and disposing of hypersaline desalination water, provided the algal separation can be conducted efficiently. The algae generally showed excellent uptake of the metals. A key point of interest is that Tetraselmis sp. are known to dominate mixed culture systems, however this was not observed here. Rather, T. chuii was observed to exhibit the lowest concentration out of the four algal species. It is therefore evident that Tetraselmis sp. proved less resilient to the metals concentrations than the other species.
The systems dynamics modelling approach provides a means for exploring algal growth dynamics of a multispecies mixture and their ability to adsorb a suite of metals whilst also considering the potential effects of metal toxicity on algal growth. Understanding the 'cross' dynamics of metal adsorption and the accompanying toxic effect on algal growth dynamics are important considerations here.
By using basic algal growth functions (nutrient uptake, mortality) and coupling three compartments (algae, detritus and dissolved inorganic nutrients), the biological component of the model was able to 'match' the start and end concentrations of each of the four algal species with good accuracy. The absence of data across the experimental period entails that the functional form of the growth curves for the microalgae species is not verified here. However, exponential growth curves, which were observed for all species except T. chuii, are commonly observed in microalgae species under non-limiting or weakly limited conditions (e.g. Leonardos and Geider 2004) .
The simplicity of the model and the relative dearth of parameterising data entailed that the model has major simplifications. The use of aggregate term to represent toxic effect of adsorbed metals on the different algal species was used because of the absence of metal-algal concentrations for each of the metals. This approach does not allow the toxicities of the individual metals (or different combinations of the different metals) on algal dynamics to be explored. Furthermore, the effect of metal toxicity will likely impact on both growth rates and mortality rates -we chose to focus on the effect on mortality rate only. We did, however, select to explicitly model the effect of temperature on growth and mortality rates using a standard adjustment algorithm (Arrhenius equation) as it is known to be a major influence on algal growth dynamics (e.g. Oltra et al. 2000) . We used a generic mortality rate that was applied for all four algal species as these have been shown to be similar across algal species (Bowie et al. 1985) .
From a decision-making and optimisation contexts, such systems dynamics modelling can provide an insight into the efficacy of leachate management in terms of maximising the available resources (or minimising the use of resources used). This is a practical challenge for decision makers when confronted with leachates that comprise of variable (dynamic) mixed contaminants that can affect the ability of the microalgae species extracting the contaminants. However, it is also important to highlight that numerical models are ultrasimplifications of reality and therefore what they can deliver can always by improved.
Overall, this model will be beneficial in selecting the most suitable algal species and optimizing the conditions at which to treat the leachate.
